Naseem RH, Meeson AP, DiMaio JM, White MD, Kallhoff J, Humphries C, Goetsch SC, De Windt LJ, Williams MA, Garry MG, Garry DJ. Reparative myocardial mechanisms in adult C57BL/6 and MRL mice following injury. Physiol Genomics 30: 44 -52, 2007. First published February 27, 2007 doi:10.1152/physiolgenomics.00070.2006.-Previous studies have suggested that the heart may be capable of limited repair and regeneration in response to a focal injury, while other studies indicate that the mammalian heart has no regenerative capacity. To further explore this issue, we performed a series of superficial and transmural myocardial injuries in C57BL/6 and MRL/MpJ adult mice. At defined time intervals following the respective injury (days 3, 14, 30 and 60), we examined cardiac function using echocardiography, morphology, fluorescence-activated cell sorting for 5-bromo-2-deoxyuridine-positive cells and molecular signature using microarray analysis. We observed restoration of myocardial function in the superficial MRL cryoinjured heart and significantly less collagen deposition compared with the injured hearts of C57BL/6 mice. Following a severe transmural myocardial injury, the MRL mouse has increased survival and decreased ventricular remodeling compared with the C57BL/6 mouse but without evidence of complete regeneration. The cytoprotective program observed in the severely injured MRL heart is in part due to increased cellular proliferation, increased vasculogenesis, and decreased apoptosis that limits the extension of the injury. We conclude that MRL injured hearts have evidence of myocardial regeneration, in response to superficial injury, but the stabilized left ventricular function and improved survival observed in the MRL mouse following severe injury is not associated with complete myocardial regeneration. myocardial regeneration; cytoprotection; progenitor cells; echocardiography; TUNEL assay; transcriptome analysis AMPHIBIANS AND TELEOST FISH have a remarkable myocardial regenerative capacity following injury (5, 6, 33) . Following the amputation of the ventricular apex in zebrafish, a well-orchestrated molecular and cellular response results in complete myocardial regeneration and an absence of scar formation (33). Studies undertaken in these metazoan models suggest a dynamic balance exists between the fibroproliferative response that produces scar and the regenerative response that produces functional, contractile tissue (6, 33).
Adult mammalian tissues typically have a progenitor or stem cell population that function in the maintenance and regeneration of the tissue in which they reside (8, 11, 38) . Bone marrow, skin, liver, skeletal muscle and brain are several examples of adult tissues that harbor somatic progenitor/stem cell populations and are capable of regeneration (8, 11, 38) . Recent studies suggest that the adult murine heart also contains such a progenitor cell population and potentially is capable of limited regeneration (3, 10, 22, 28) . Analysis of these cardiac progenitor cell populations and the fibroproliferative response following a myocardial injury remains an area of intense interest and investigation (10) .
The MRL/MpJ (MRL) mouse strain has been proposed as a model that has an enhanced regenerative capacity. The MRL mouse strain was initially observed to be capable of ear hole closure (following a 2-mm ear hole punch) with minimal scar formation (7, 24) . The ear hole closure was considered to be a regenerative response and not wound repair because there was the replacement of multiple tissues (i.e., skin, hair follicles, skeletal muscle, sebaceous glands, cartilage, and vasculature) in the absence of scar formation (7, 24) . This reparative process has been associated with the formation of a blastema-like structure (a mass of mesenchymal cells from which new tissue is differentiated) and increased vascularization (7) . Recent studies suggest that other tissues in the adult MRL mouse may be capable of regeneration including the heart, brain and spinal cord (21) . In contrast, other studies demonstrate that there is no evidence of myocardial regeneration or limited scar formation following reperfusion injury (1) or coronary ligation (29) in the MRL mouse heart.
In the present study, we undertook a series of superficial and transmural myocardial injuries to evaluate the regenerative response in the C57BL/6 (B6) and MRL adult heart. Utilizing an array of technologies, we observed that the adult MRL heart has an enhanced regenerative capacity in response to mild forms of injury (superficial cryoinjury). In response to a severe transmural myocardial injury, the MRL mouse displayed increased survival, decreased remodeling and stabilization of left ventricular performance. However, complete myocardial regeneration was not observed. through the middle of the ears with a metal ear punch. The holes were measured and imaged immediately after they were punched and at weekly intervals using a digital caliper. 5-Bromo-2-deoxyuridine (BrdU, 1 mg/ml) was provided in the drinking water for defined periods following ear hole punch to label proliferating cells.
Myocardial injuries. Three different myocardial injury models were utilized in these studies by three different surgeons in three different laboratories (25, 35, 37) . All studies were undertaken in a blinded fashion. A superficial cryoinjury was induced as a nontransmural injury model and either a transmural cryoinjury or a proximal left anterior descending (LAD) coronary artery ligation were used to produce more severe forms of myocardial injury. In all cases, mice were anesthetized with 2% isoflurane, intubated, and ventilated with a small animal ventilator (Harvard Apparatus). A left thoracotomy was performed, and the heart was exposed to induce cryoinjuries consistently in the same area of the left ventricle (LV). A superficial or transmural cryoinjury was induced by exteriorizing the heart and applying a liquid nitrogen cooled probe to the LV for 5 or 15 s, respectively. The size of the probe used to induce injury was 2.18 mm ϫ 2.52 mm. The resulting injury was easily visualized and measured to be 4.27 Ϯ 0.5 mm ϫ 3.88 Ϯ 0.30 mm. The longer freezing period (15 sec) resulted in deeper transmural injuries.
Alternatively, the proximal LAD coronary artery (immediately after the bifurcation of the left main coronary artery) was ligated with an 8-0 prolene suture (37) . Successful occlusion of the LAD was confirmed under a dissecting microscope (Olympus SZ30, Japan) by discoloration of the ischemic area as previously described (37) . All animals were monitored closely during the 24-h postoperative period.
Myocardial functional assessment by echocardiography and invasive hemodynamics. Noninvasive transthoracic echocardiograms (General Electric Vivid7 Pro machine equipped with a 12-mHz transducer) were performed in unsedated mice at baseline and 3, 14, 30, and 60 days following injury (35) . Motion mode (M-mode) and two-dimensional echocardiographic images were obtained in the parasternal short-axis view. Fractional shortening was calculated from M-mode images as the left ventricular end-diastolic dimension (LVEDD) minus the left ventricular end-systolic dimension (LVESD) divided by LVEDD. Invasive hemodynamic measurements were obtained in isoflurane-anesthetized mice as previously described (39) . Following thoracotomy and pericardotomy a 1.4-Fr micromanometer catheter (Millar Instruments) was inserted into the LV. Left ventricular pressure-volume relationships were measured by transiently compressing the inferior vena cava. Parallel volume of each mouse was calibrated by the injection of 10 l of hypertonic saline into the external jugular vein. The volume calibration of the conductance system was performed as described by Yang et al. (39) . Functional analyses were undertaken by two different investigators who were blinded to treatment. We measured LV dysfunction both invasively and noninvasively to quantify the extent of myocardial infarct, using physiologically relevant measurements, in each of these three injury models.
Histology and immunohistochemistry. Adult mice were anesthetized with Avertin and perfused (transcardiac) with 10 ml of 4% paraformaldehyde-PBS as previously described (12, 22) . The hearts were harvested and postfixed for 90 min at room temperature, rinsed in diethyl pyrocarbonate-PBS, and paraffin processed. Using rotary microtomy, we cut 5-m-thick sections and mounted them on Vectabond-treated slides (Vector Labs, Burlingame, CA). Selected sections were stained with either hematoxylin-eosin stain or Masson's trichrome stain. Immunohistochemical detection of selected proteins was undertaken as previously described (12, 15, 17, 22) . In brief, sections were dewaxed, hydrated in PBS, blocked with 5% normal goat serum (30 min at room temperature), and incubated with primary antisera diluted in 1% normal goat serum overnight at 4°C in a humid chamber. The following day the sections were washed with PBS, incubated with the respective fluorophore-conjugated secondary antisera (30 min at room temperature), washed with PBS, and coverslipped with Vectashield. Primary antisera used in these studies include rabbit anti-von Willebrand serum (1:150, Novacastra), rabbit antitroponin I (1:500, Chemicon), and a monoclonal anti-BrdU serum (1:25, Roche). The secondary antisera included an FITC-conjugated goat anti-rabbit serum (1:50, Jackson ImmunoResearch), rhodamine goat anti-rabbit serum (1:50, Jackson ImmunoResearch), and FITCconjugated goat anti-mouse serum (1:50, Jackson ImmunoResearch). The nuclei were stained with propidium iodide (50 ng/ml, Molecular Probes) (17) . The TdT-mediated dUTP nick end labeling (TUNEL) assay was performed with an in situ cell death detection kit (DeadEnd colorimetric TUNEL system, Promega) according to the manufacturer's instructions as previously described (17) .
Histological measurement of infarct area and scar formation. Quantification of collagen deposition following injury was performed with histological sections stained with Masson's trichrome. The region of injury was determined by computer-based quantification (Adobe Photoshop) of the scar vs. measurements of the full thickness of the LV. A ratio of collagen deposition-LV wall thickness was calculated to derive the percentage of LV wall with collagen deposition (as a measure of scar) involvement.
BrdU labeling and detection of BrdU-labeled cells by fluorescenceactivated cell sorting. BrdU (1 mg/ml) was administered ad libitum in the drinking water of animals that were used as controls and those that were subjected to myocardial injury. At specified times following injury, selected animals were perfused transcardially with ice-cold PBS. Hearts were digested with pronase (10 mg/ml) at 38°C with gentle agitation for 45 min. The tissue slurry was triturated in complete DMEM, and the supernatant (containing the cells) was removed and passed over a Percoll density centrifugation gradient (40%/70%) and resuspended at 10 6 cells/ml Hanks' buffer containing 2% fetal calf serum. Cells were stained with the BrdU antibody using the BD Pharmingen FITC BrdU Flow Kit as outlined in the manufacturer's instructions. BrdU-labeled cells were quantified and isolated by fluorescence-activated cell sorting (FACS; MoFlo, Cytomation); RNA was isolated (Optimum RNA Isolation Kit, Ambion), amplified, and hybridized to the Affymetrix 430 Mouse GeneChip (see Affymetrix array hybridization and analysis).
RNA isolation and RT-PCR analysis. Total RNA was isolated from cells collected by FACS or from the LV of uninjured or injured adult mice using TriPure isolation reagent (Roche, Basel, Switzerland) as previously described (9, 15, 22, 23, 25, 28) . RNA from FACS-sorted cells was then amplified as previously described (9, 23) . Using conditions in which the abundance of each amplified cDNA varied linearly with input RNA, we performed semiquantitative RT-PCR in a final volume of 20 l (9, 15, 23, 25). All primers spanned an intron, and the sequences are provided in Supplemental Table S1 . (The online version of this article contains supplemental material.) For quantitative RT-PCR analysis, oligo d(T)-primed single-strand cDNA was synthesized from 5 g of total RNA using Superscript II (Invitrogen). Gene-specific primer sets were designed such that the primers spanned an intron and possible genomic contamination could be detected by size difference. Real-time PCR was performed using an ABI 7900HT instrument and SYBR Green PCR Master Mix. The sequences of the primers used are provided in Supplemental Table S1 .
Affymetrix array hybridization and analysis. Oligonucleotide array hybridizations were carried out according to the Affymetrix protocol as previously described (9, 15, 23, 25) . Briefly, the double-stranded cDNA was converted to biotin-labeled cRNA by using the Enzo BioArray high-yield RNA transcript labeling kit (Enzo Biochem). The purified biotin-labeled cRNA was then fragmented with Affymetrix fragmentation buffer for 35 min at 95°C. Labeled fragmented cRNA (15 g) was then hybridized to the high-density oligonucleotide Murine Genome Array 430 GeneChip (Affymetrix) (pooled RNA isolated from 3 animals/array). After 16 h of hybridization, the array was washed, stained, and scanned according to the manufacturer's protocol. Array quality assessment and expression values were acquired with DNA-Chip Analyzer (dChip) model-based analysis of multiple arrays. This method utilizes invariant-set normalization and model-based expression indexes (MBEI) with standard error (SE) to measure accuracy. Comparative analysis was performed by using MBEI and SE to construct a 90% confidence interval of fold change (9, 15) .
RESULTS
Ear hole closure in the MRL mouse. In the present study, we confirmed that the adult MRL mice are capable of ear hole closure within a 1-mo period unlike the age-and sex-matched B6 mice that served as controls (n ϭ 6 for each group; Supplemental Fig. S1 ). The ear hole closure in the MRL mouse is a regenerative process as the architecture of a number of lineages (i.e., skin, cartilage, skeletal muscle, peripheral nerve, and vasculature) are labeled with BrdU (representing cellular proliferation) without evidence of scar formation as previously reported (see Supplemental Fig. S1 ) (7, 24) .
MRL mice with superficial myocardial injuries have restored heart function. Regenerative capacity in the MRL mouse heart is dependent upon the severity of the injury. Additional reports suggest that other tissues such as the heart and spinal cord in the MRL mouse were also capable of regeneration (21) . In contrast, the notion of cardiac regeneration in the MRL mouse has recently been challenged in ischemic models of injury (1, 29) . To evaluate this issue in the adult heart and in this mouse model, we undertook a comprehensive analysis of three different modes of myocardial injury in B6 and MRL age-and sex-matched adult mice. Reproducible superficial cryoinjuries of B6 and MRL hearts were performed without any significant differences in survival (n ϭ 20 for each group). At selected time periods following this superficial myocardial injury (days 3, 14, 30, and 60), the LV function was evaluated, and mice were killed for morphological analysis of the injured hearts (n ϭ 3 for each group). At all time periods, there was a reduced fibroproliferative (i.e., collagen deposition) response to the superficial myocardial injury in the MRL mouse compared with B6 controls. Representative gross images (Fig. 1, A and B ) and histological analysis with quantification of the ventricular collagen deposition (Fig. 1, C-E) further emphasize the limited fibroproliferative response (i.e., scar formation) in the superficially injured MRL heart (6-fold difference) compared with the B6 control 2 mo postinjury (Fig. 1E ). According to transthoracic echocardiography in unanesthetized mice, this superficial injury resulted in a modest decrease in LV function by day 3 postinjury (Fig. 1F) . No improvement of LV function was observed in the B6 mice [fractional shortening (FS) ϭ 45% Ϯ 2% at 2 mo, n ϭ 6; Fig. 1F) ]. In contrast, 2 mo following injury there is restoration of myocardial function in the injured MRL mice (FS ϭ 73 Ϯ 4%, n ϭ 6 for each group) ( Fig. 1F and Table  1 ). To further emphasize the myocardial recovery of the injured MRL mouse, M-mode echocardiography of the same MRL mouse is shown in Fig. 1G at day 14 postinjury, which Fig. 1 . Limited scar formation and restoration of function in the superficially injured MRL/MpJ (MRL) heart. Two months following a superficial myocardial cryoinjury, a fibrotic scar is evident in the C57BL/6 (B6) mouse (A) but only a highly vascular (blastema-like) region is evident in the MRL heart (B). Note the black dashed line outlines the region of injury (A and B) . Histologically, the superficial cryoinjury in the B6 mouse heart is evident as it is associated with collagen deposition (arrowhead) (C), unlike the minimal fibrosis observed in the MRL heart (D) at day 60 postinjury (arrowhead). Quantification of collagen deposition (representing scar formation) using histological sections [region of interest (ROI) was determined by computer-based quantification of the scar vs. the full thickness of the left ventricle (LV)] reveals a 6-fold decrease in scar formation of the 60-day postinjured MRL heart compared with the B6 control (E) (n ϭ 3, *P Ͻ 0.05). Following a superficial cryoinjury to the heart, the MRL mice have restoration of function within a 60-day period according to echocardiography in unanesthetized mice (F). Representative motion (M)-mode echocardiography of the same MRL mouse 14 days and 60 days postinjury. Note increased LVDD and decreased systolic function in the injured MRL heart at day 14 postinjury with restoration of function by day 60 (G) (DD, LV end-diastolic dimension; SD, LV end-systolic dimension). Data presented as means Ϯ SE. *Significant differences of B6 compared with baseline B6. **Significant differences of MRL compared with baseline MRL. Significant differences between MRL and B6 at the same time period postinjury. *, **, , P Ͻ 0.05.
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MRL mice with severe myocardial cryoinjuries have decreased remodeling. In the present study, we performed a more severe reproducible transmural cryoinjury in the two strains of mice. The transmural cryoinjury in B6 mice resulted in a progressive dilatation of the LV and a progressive deterioration in myocardial function as measured by echocardiography and catheter-based hemodynamics (Fig. 2, Supplemental Fig. S2 and Table 1 ). In contrast, the transmural cryoinjured MRL mouse displayed no evidence of LV dilatation and had compensatory septal hypertrophy (n ϭ 3 for each group) and stabilization of myocardial function without deterioration during the postinfarct period (FS ϭ 45 Ϯ 6% at day 3 vs. 49 Ϯ 6%; n ϭ 6 for each group; Fig. 2, Supplemental Fig. S2 , and Table 1) .
Mechanistically, limited LV dilatation, the stabilization of LV function and improved survival are due, in part, to decreased apoptosis of the severely cryoinjured MRL heart ( Fig. 2 and Supplemental Fig. S3 ) and increased vascularization in the border region ( Fig. 2 and Supplemental Fig. S4 ). We observed fewer TUNEL-positive cells in the 3-day (Fig. 2E ) and 30-day (Fig. 2F) injured MRL hearts compared with the B6 hearts at 3 (Fig. 2C ) and 30 days (Fig. 2D) postinjury. Quantification of TUNEL-positive cells revealed that MRL hearts at both 3 and 30 days postinjury had threefold fewer TUNEL-positive cells associated with the injured heart compared with the B6 hearts at the same time points (Fig. 2G) .
MRL mice with severe transmural ischemic myocardial injuries have increased survival and decreased remodeling.
We undertook studies to examine the response of the MRL heart to a severe transmural coronary artery ligation-induced injury. Ligation of the proximal LAD coronary artery in MRL mice resulted in decreased remodeling (i.e., decreased LV dilation), stabilization of myocardial function, and greater survival ( Fig. 3 and Supplemental Fig. S5 ). In contrast, the B6 mice had evidence of increased severity of the coronary ligation-induced injury model, resulting in remodeling, progressive LV dysfunction, and decreased survival with no B6 mice surviving beyond a 1-mo period postinjury (n ϭ 18 surviving MRL mice at day 30 with no spontaneous deaths through 90 days postinjury; Fig. 3 and Table 1 ). Importantly, complete restoration of function was not observed in the MRL mouse model following the severe transmural injury (i.e., coronary ligation injury) (n ϭ 7, Fig. 3 and Supplemental Table S2 ). Histological analysis revealed the presence of collagen deposition representing an intact or mature scar associated with the injured MRL heart by 2 mo following transmural ischemic injury (i.e., LAD coronary artery ligation injury; n ϭ 3 for each group; Fig. 3 ).
Continuous administration of BrdU to B6 and MRL mice for a 1-mo period following a LAD coronary artery transmural injury was undertaken to evaluate the myocardial regenerative capacity of the adult injured heart. Using immunohistochemical techniques and antisera to detect BrdU-positive nuclei representing cells that had proliferated and troponin I as a cardiomyocyte marker, we evaluated the MRL and B6 heart 30 days following a severe coronary artery ligated injury. We observed approximately a twofold increase (23.7 Ϯ 1.9% in B6 vs. 38.4 Ϯ 5% in MRL hearts, n ϭ 4 for each group, P Ͻ 0.05) in the number of BrdU/troponin I-positive cardiomyocytes in the border region of the 30-day postinjured B6 and MRL hearts (Fig. 4, A and B , and Supplemental Fig. S6 ). These results were further supported by FACS to quantify and sort BrdU-positive cells (representing cardiomyocytes and noncardiomyocytes that underwent a proliferative event) from 30-day postinjured MRL and B6 hearts (Fig.  4C ). We observed a twofold increase (n ϭ 3 for each group, P Ͻ 0.05) in the number of BrdU-positive cells in the injured MRL hearts compared with the injured B6 hearts (Fig. 4D) . These BrdU-positive cells were FACS sorted from the 30-day injured hearts and analyzed by transcriptome and RT-PCR analyses (Fig.  4, E and F) . Transcripts present in the BrdU-positive cell population isolated from the injured MRL heart were compared with transcripts from adult cardiomyocytes and embryonic cardiomyocytes (embryonic day 9.5) that have been analyzed in detail as previously described (23) . These analyses were undertaken to determine patterns of transcript expression in the MRL heart that are specific to the adult and embryonic cardiomyocyte populations. BrdU-positive cells from the injured MRL heart express transcripts that further support the proliferation of cardiomyocytes (Casq1, Dag1, Mesp1, Ttn) as well as other lineages [endothelial (Amot and Edf1) and fibroblasts] (Fig. 4E) . These transcriptome results are further confirmed by RT-PCR analysis of RNA isolated from the BrdU-positive cells (Fig. 4F) .
Transcriptional signature of the injured/regenerating B6 and MRL hearts. Our studies supported the hypothesis that the MRL heart had an improved reparative capacity compared with the C57BL/6 controls. The MRL mice had improved survival, stabilized cardiac function, increased cellular proliferation, and decreased remodeling in response to severe transmural myocardial injuries (Table 1 ). The mechanistic regulation of these responses (i.e., decreased remodeling, increased cellular proliferation, etc.) are complex and incompletely understood. To gain an enhanced understanding of the molecular program that may contribute to the improved reparative capacity of the transmural injured MRL hearts, we undertook a transcriptome Fig. 2 . Stabilized cardiac function and decreased remodeling in the MRL heart following transmural cryoinjury. Age-and sex-matched B6 and MRL mice underwent transmural cryoinjury. At defined time intervals, the injured mice underwent functional assessment by echocardiography and were subsequently killed. Histological analysis revealed progressive extension of the infarct and LV dilation (remodeling) in the B6 injured heart compared with MRL hearts, which showed stabilization of scar after the initial injury, no LV cavity dilation, and the presence of compensatory hypertrophy of the ventricle adjacent to the site of injury (A). There was progressive deterioration of the severely injured heart function in the B6 mice, whereas the MRL mice showed modest improvement and then stabilization of function after the transmural myocardial cryoinjury (B). Fig. 3 . Improved survival, function, and decreased remodeling in the MRL heart following coronary artery ligation. Age-and sex-matched B6 and MRL mice underwent left anterior descending (LAD) coronary artery ligation. At defined time intervals, the injured mice underwent functional assessment using echocardiography and then were killed. Histological analysis revealed progressive extension of the infarct and LV dilation (remodeling) in the B6 injured heart compared with MRL hearts, which showed stabilization of scar after the initial injury, no LV cavity dilation, and the presence of compensatory hypertrophy of the ventricle adjacent to the site of injury (A). Quantitation of the collagen deposition in both strains 30 days following injury is presented in Supplemental Fig. S5 . Improved survival of the MRL mice was observed with respect to the B6 controls (no survival of B6 mice beyond the 30 days postinjury period was observed) (A, B, and D) . There was progressive deterioration of the severely injured heart function in the B6 mice, whereas the MRL mice showed modest improvement and then stabilization of function after the LAD coronary artery ligation-induced myocardial injury (B). Data presented as means Ϯ SE. *Significant differences of B6 compared with baseline B6. **Significant differences of MRL compared with baseline MRL. Significant differences between MRL and B6 at the same time period postinjury. *, **, , P Ͻ 0.05. Representative motion (M)-mode images taken from B6 and MRL mice 1 mo after severe myocardial injury revealed LV cavity dilatation with severely depressed LV function in the B6 mice. MRL hearts showed normal cavity size with significantly improved LV function compared with B6 mice (C). Kaplan-Meier survival curve reveals increased survival of MRL mice compared with B6 controls following coronary artery ligation-induced injury. Note that no B6 mice survive beyond the 30-day postinjury period (D).
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Physiol Genomics • VOL 30 • www.physiolgenomics.org by 10.220.33.6 on October 18, 2017 http://physiolgenomics.physiology.org/ analysis using Affymetrix array technology. At defined time periods following an LAD coronary artery ligation-induced myocardial injury, B6 and MRL mice underwent echocardiography, and hearts were harvested and stored for a maximal period of 30 days at Ϫ80°C. Total RNA was isolated from individual hearts, labeled, and hybridized to the Affymetrix GeneChip. Using this technology, we observed approximately similar numbers of transcripts dysregulated in the injured B6 and MRL mice day 3 following injury (1,120 in BL/6 and 1,278 in MRL transcripts having a twofold up-or downregulation compared with their respective uninjured controls). In contrast, day 30 following injury the B6 injured heart had fivefold more dysregulated transcripts with a majority (95%) of the transcripts downregulated (see Supplemental Table S3 ). These transcriptome results further support the findings that the MRL mice that have received a transmural myocardial injury have decreased remodeling, stabilization of cardiac function, and improved survival compared with the B6 mice. The 30-day injured MRL heart transcriptome has an upregulation of transcripts broadly associated with cytoprotection (Cygb), vasculogenesis (Edr1), extracellular matrix (Rhbs1, Sdc4, Timp1, Prg4, Fn1, Bgn, Ctss, Tnc), cardiac structural transcripts (Myh7, Myl7, Myl9), transcriptional regulators (Dlx6, Jmjd1), signaling (Sfrp2, Rgs2, Dscr3, Dkk3, Thbs), gap junctions .0 software to analyze the microarray data, we determined selected transcripts to be significantly expressed (designated as P for present) or absent (designated A for absent). Expression data in the BrdU-sorted cells were confirmed by RT-PCR analysis (F). Note expression of cardiomyocyte transcripts in the BrdU-positive cells isolated from the respective injured adult hearts using transcriptome and RT-PCR analyses reveals that the BrdUlabeled cells isolated from the injured MRL heart express cardiac transcripts. RNA isolated from the adult MRL heart (heart) is used as a positive control and (Ϫ) represents the lack of reverse transcriptase for the RT-PCR negative control (F).
(Gja1), growth factors/chemokines (Socs3, Ctgf, Ccrl2, Tgfb1, Fstl), cell cycle regulators (Cdkn1a, Son), and factors involved in oxidative stress protection (Sod1, Mt2, Mt1, Gpx3) (Supplemental Tables S4 and S5) . QRT-PCR analysis was performed in triplicate from pooled samples to confirm the expression of selected transcripts in the MRL postinjured hearts (Supplemental Fig. S7 ).
These transcriptome results further establish that molecular programs direct cellular adaptations (i.e., vascularization, cytoprotection, decreased apoptosis, decreased remodeling) that may limit infarct extension (at the border region) in the MRL injured heart. Additionally, the transcriptome results support the notion that a permissive milieu (expression of survival factors such as growth factors/chemokines) results in improved survival of the MRL mouse but does not induce a cascade of gene expression that promotes complete myocardial regeneration.
DISCUSSION
Diverse animal models such as the newt and the zebrafish are capable of limited myocardial regeneration in response to an injury (5, 6, 33) . This ability for regeneration of the injured heart is due, in part, to a limited fibroproliferative response resulting in an absence of collagen deposition (5, 6, 33) . In the present study, we comprehensively examined the capacity of two strains of mice for myocardial regeneration in response to multiple modes of injury (Table 1) . In these studies, the MRL mouse heart was capable of restoration of function and limited collagen deposition following a superficial myocardial injury. The ability for myocardial regeneration, however, is more limited than initially proposed (7, 21, 24) . In the present study, we observed that a transmural myocardial injury in MRL mice was associated with improved survival, stabilization of myocardial function, and decreased ventricular remodeling compared with control mice, but the transmurally injured MRL mice were unable to completely regenerate the injured myocardium.
Multiple lines of evidence presented in this study support the conclusion that the adult heart is capable of limited regeneration. First, the superficially injured MRL heart is capable of functional restoration with limited collagen deposition. These results may be comparable to the regenerative response observed in the zebrafish. While the MRL mouse is capable of ear hole closure, the zebrafish is capable of fin regeneration (27, 31, 32) . Furthermore, amputation of the apical 20% of the zebrafish ventricle (a mild to moderate injury) results in the formation of a clot at the amputation site, the formation of a blastema (vascularized region of mesenchymal cells), and complete myocardial regeneration within a 2-mo period (33) . In the present study we observed a similar response in the superficially injured MRL heart. Furthermore, the zebrafish (or the newt) do not have the capacity for complete regeneration following a more severe myocardial injury (involving 50% or more of the ventricle).
Direct evidence for myocardial regeneration in the adult heart is provided by the presence of BrdU-positive cardiomyocytes and the molecular analysis of FACS-sorted BrdUpositive cells that express cardiomyocyte restricted proteins. Continuous administration of myocardially injured mice with BrdU revealed that a number of cells underwent proliferation in response to the injury but only a subpopulation of cells differentiated to form cardiomyocytes. The source(s) of the cells that repopulated the injured adult heart potentially includes resident or extracardiac progenitor cell populations. Previous studies by our laboratory and others have identified putative progenitor cell populations that are resident in the adult heart based on the expression of Abcg2, cKit, or Sca-1 (3, 22, 28) . In addition, previous studies have reported the contribution of extracardiac cells for repair of the injured human and mouse heart, although the extent and the physiological relevance for this contribution are controversial (2, 4, 14, 19, 20, 26, 30, 36) .
The conclusion that the MRL mouse has improved survival following a severe transmural myocardial injury is based on the induction of a molecular response that results in increased vascularization, decreased level of apoptosis, lack of LV dilatation (i.e., remodeling), and limited myocardial regeneration (Table 1 ). In the present study, the transcriptome analysis further supported the induction of a cytoprotective program, increased vasculogenesis, and the exposure of growth factors/ chemokines that we hypothesize promotes limited myocardial regeneration in the injured MRL mouse. One factor that was significantly upregulated in the MRL heart early following injury includes tenascin C (15, 16, 34) . Tenascin C has been associated with regeneration and functional improvement following injury (18) . Tenascin C is markedly upregulated in the blastema of the regenerating limb of the newt, the regenerating ear of the MRL mouse, as well as regenerating skeletal muscle in the mouse (15, 16, 18) . Tenascin C has been proposed to limit scar formation by inhibiting the activation of T lymphocytes and the secretion of proinflammatory cytokines such as IL-2 (16, 34) . In addition, this protein has been further shown to maintain an undifferentiated state of progenitor cell populations through the modulation of the proadhesive effects of laminin, fibronectin, and collagens (13, 16, 34) . Future studies will be necessary to further examine whether administration of tenascin C during the acute period following myocardial injury may limit the fibroproliferative response and promote an increased regenerative response.
Previous studies have emphasized the balance between regeneration and the fibroproliferative response (i.e., scar formation) (10, 33) . While the fibroproliferative response prevents ventricular rupture during the acute period following a transmural myocardial injury, we would propose that it is deleterious long term (10) . Scar formation provides a barrier for regeneration as the milieu lacks the survival factors (i.e., vascularity, growth factors, and stem cells) necessary to promote and sustain cardiomyocyte repopulation (10, 33) .
Our results should be compared with those reported by Leferovich et al. (21) , who initially examined the regenerative capacity of the MRL adult mouse model. A number of technical differences exist between the two studies including the transdiaphragmatic cryoinjury involving the right ventricle, limited analysis of cardiac function, and an absence of molecular analysis in the previous study (21) . In contrast, our study examined injuries involving the LV, an extensive functional analysis utilizing echocardiography in unanesthetized mice, and invasive hemodynamics complemented by a detailed molecular analysis. Nevertheless, both studies support the conclusion that the MRL mouse model has an improved reparative capacity and survival in response to myocardial injury.
In summary, the ability of the MRL mouse heart to regenerate is dependent upon the degree of injury that is produced. Furthermore, this animal model should prove useful for future studies directed toward cytoprotection and ventricular remodeling of the myopathic heart, as well as the application of therapeutic interventions that further promotes the regenerative process.
